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Abstract. The aim of the paper is to gain a better insight into heat and moisture transfer
in refrigerator and to do fundamental study for water evaporation and condensation in
refrigeration application. The governing transport equations (continuity, momentum, energy
and concentration equations) in 3D Cartesian coordinates are rstly introduced. As the
mixed convection is simulated in the paper, buoyancy forces caused by both temperature and
concentration gradient are considered and are also included in momentum equation. Numerical
results are carried out by using Termouids code. The pressure-velocity linkage is solved by
means of an explicit nite volume fractional step procedure. In order to validate the code, a
humid air owing in a horizontal 3D rectangular duct case is carried out and compared with the
published numerical and experimental results. The contour of temperature and vapor density
of air at a cross section is provided and analyzed. Finally, the heat and mass transfer process
during the moist air ow through complicated geometry is simulated and temperature and
humidity distributions are obtained.
1. Introduction
The ow that includes heat and mass transfer simultaneously, has been an active research topic
due to its wide variety of applications in many natural and industrial elds ranging from cleaning
operations, chemical engineering or refrigeration systems, among others. The fundamental
understanding of heat and mass transfer process is important to improve the product quality
and control the process.
Due to its importance and applications, many research works have been carried out both
experimentally and numerically. On the experimental analysis, Chuck and Sparrow [1, 2]
performed turbulent moisture air ow in a duct over a water pan located at the bottom of the
duct. The thermal conditions of the air and water and the evaporation rate were measured. The
convective mass transfer coecient was determined and a correlation for Sherwood number was
developed. Prata and Sparrow [3] performed a similar experiment using a cylindrical container.
Maughan and Incropera [4] investigated experimentally mixed convection heat transfer for
airow in a horizontal and inclined channel.
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Numerical analysis is a signicant tool to analyze the related processes and to solve the
existing problems because of its low cost, low time-consuming. Lin and Tzeng [5] performed a
numerical study on convective instability for laminar forced convection in the thermal entrance
region of a horizontal rectangular channel. The eects of the changes of bottom wall temperature,
relative humidity of air, aspect ratio, and Rayleigh number on the local Nusselt number and
Sherwood number were studied in detail. A two-dimensional heat and mass transfer during
drying of a rectangular moist object was studied by Kaya [6], with the convective boundary
conditions at all surfaces of the moist object. The external ow and temperature eld, local
distributions of convective heat transfer coecients were numerically obtained. Furthermore,
the inuence of the aspect ratio on the heat and mass transfer was studied.
Numerical modeling of simultaneous heat and moisture transfer under complex geometries
for refrigeration purpose, or condensation eects under refrigeration equipments is a very
important application of convective heat and mass transfer numerical model. Many studies
have investigated heat and mass transfer and airow in refrigerators, which include natural
convection between the air and evaporator (Silva and Melo [7]), air velocity and temperature
distribution (Deschamps et al.[8]). Laguerre et al.[9, 10, 11] carried out a series of numerical
and experimental investigations of air temperature, velocity and humidity, evaporation and
condensation in natural convection process of a domestic refrigerator.
The primary goal of the present paper is to focus on modeling of simultaneous heat and
moisture transfer under complex geometry for refrigeration purposes. In order to validate our
code, the same case as reference [12] is performed. The governing equations in 3D Cartesian
coordinates are presented. The results obtained - outlet air and water temperature, outlet
relative humidity, temperature and concentration eld of dierent cross sections are compared
with the reference experimental and numerical ones for validation of the presented model.
Finally, the simulation results in complex geometry are presented for illustrative purposes.
2. Modeling
The incompressible conservation governing equations of mass, momentum, energy and
concentration are expressed as:
Mu = 0 (1)


@u
@t
+C(u)u+Du+  1
Gp  f = 0 (2)


@T
@t
+C(u)T + DT = 0 (3)


@C
@t
+C(u)C +DABDC = 0 (4)
where u 2 R3m and p 2 Rm are the velocity vector and pressure, respectively(here m applies
for the total number of control volumes(CV) of the discretised domain). f = (T   T 0)g +
(C   C0)g 2 R3m,  is the kinematic viscosity,  is density,  and  is the thermal
expansion coecient and the species expanision coecient,  is the thermal diussivity and
DAB is the binary diusion coecient of water vapor in air. Convective and diusive operators
in the momentum equation for the velocity eld are given by C(u) = (u  r) 2 R3m3m,
D =  r2 2 R3m3m respectively. T 2 Rm and C 2 Rm are temperature and concentration,
respectively. Gradient and divergence(of a vector) operators are given by G = r 2 R3mm and
M = r 2 Rm3m respectively. The energy transport caused by interdiusion in equation (3)
was neglected in the present study.
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In the quest for a correct modeling of Navier-Stokes equations, they can be ltered spatially
as in Large-Eddy simulations(LES),
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+C(u)u+ Du+  1
Gp  f = C(u)u  C(u)u   MT (5)
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@t
+C(u)T +

Pr
DT = C(u)T   C(u)T   MTT (6)
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+C(u)C +

Sc
DC = C(u)C   C(u)C   MTC (7)
where the last term in three equations indicates some modelisation of the ltered non-linear
convective term. u, T and C are the ltered velocity, temperature and concentration, M
represents the divergence operator of a tensor, and T is the SGS stress tensor, which is dened
as,
T =  2sgsS + (T : 1)1=3 (8)
where S = 12 [G(u) + G(u)], where G is the transpose of the gradient operator. TT and TC
terms are evaluated as in T term, but sgs is substituted by sgs=Prt in energy equation and
is substituted by sgs=Sct, where Prt and Sct is the turbulent Prandtl and Schmidt number.
To close the formulation, the WALE model [13] is introduced in order to models the subgrid-
scale(SGS) viscosity, sgs:
sgs = (Cw)2 (Vij : Vij)
3
2
(Sij : Sij) 52 + (Vij : Vij) 54
Sij = 1
2
[G(uc) + G
(uc)]
Vij = 1
2
[G(uc)
2 +G(uc)2] +
1
3
(G(uc)
2)
In the present study a value of Cw = 0:325 is used.
Numerical results are carried out by using the CFD&HT code{Termouids [14] which is an
intrinsic 3D parallel CFD object-oriented code applied to unstructured/structured meshes, which
can handle the thermal and uid dynamic problems in complex geometries. Fully conservative
nite volume second-order schemes for spatial discretization [15] and second order explicit time
integration are used [16]. The pressure-velocity linkage is solved by means of the fractional step
procedure.
3. Validation case
Iskra [12, 17] performed the experiment and numerical simulation of laminar ow of moist air
in a duct. The experimental data and simulation results were compared and analyzed in detail.
The same case is chosen to validate our code in simultaneous heat and mass transfer with an
evaporating wall.
3.1. Problem denition
The geometry of the system is a horizontal 3D rectangular duct with a dimension of 298mm(W )
20:5mm(H)  600mm(L) (Figure 1). There is a water pan of b = 280mm in width centered
in the duct bottom wall with a 9mm insulation layer in each side of bottom boundary. The
other walls are well insulated and considered adiabatic. A fully-developed axial velocity prole
is imposed at the entrance z = 0 (Equation (9) [18]) with a constant temperature T0 and
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relative humidity RH0. The simulation was carried out on 25  25  50 and 50  50  100
control volumes respectively and the maximum deviation of 3% for water outlet temperature
was observed. 50  50  100 control volumes was chosen to discuss the nal result. The inlet
velocity prole is given in Equation (9),
w
wav
= (
m+ 1
m
)(
n+ 1
n
)[1  ( y
H=2
)n][1  ( x
W=2
)m] (9)
The average velocity wav is calculated from the specied Reynolds numbers and parameters m
and n are dened by:
m = 1:7 + 0:5() 1:4
wav =
Re
Dh
n = 2 for  <= 1=3
n = 2 + 0:3(   1=3) for  > 1=3
where (=W=H = 14:54) is the aspect ratio of the duct.
At bottom wall(y = 0), the water is static and the vapor water is saturated at local
temperature. Temperature and concentration at the water surface is calculated based on the
assumption that the latent heat of evaporation is equal to the sensible heat transfer from the
air to the water surface. This gives a boundary condition of the air ow at the bottom surface
as:
 k@T
@y
jy=0 = 1
1  whfgDAB
@C
@y
jy=0 (10)
where k is the thermal conductivity of air, w is vapor mass fraction and hfgis the heat of phase
change of water. As the temperature and concentration are coupled at the water pan surface
during solving the boundary model of the air ow, iteration procedure was applied to obtain
the local temperature of water pan surface.
3.2. Result and comparison
Figure 1: Geometry of the rectangular duct
Case Re T0(
C) RH0(%)
1 2079 22.9 17.9
2 1863 23.1 25.4
3 1583 22.7 19.7
4 1340 22.8 23.0
5 796 22.3 17.2
6 1303 22.1 35.2
7 2059 22.3 34.5
8 699 21.9 33.6
9 844 22.4 53.1
10 1531 22.0 54.7
Table 1: Inlet parameters in simulation cases
Table 1 provides the specic inlet parameters of dierent cases. Figure 2 shows the comparison
of the present numerical results, experimental data and reference numerical data (Prabal
Talukdar[12]) at outlet. The present results show a good agreement with the reference numerical
data, but both present deviations with the experimental result, especially on the outlet water
temperature. The average errors of all the 10 cases between the present results and reference
6th European Thermal Sciences Conference (Eurotherm 2012) IOP Publishing
Journal of Physics: Conference Series 395 (2012) 012178 doi:10.1088/1742-6596/395/1/012178
4
 0
 10
 20
 30
 40
 50
 60
 70
 0  1  2  3  4  5  6  7  8  9  10  11
T(
°
C)
/R
H(
%)
cases
Tw-presentTw-experimentTw-TalukdarTout-presentTout-experimentTout-TalukdarRHout-presentRHout-experimentRHout-Talukdar
Figure 2: Comparison of numerical, experimental data and reference result at outlet
(a) z=0.05m (b) z=0.45m
Figure 3: Isotherms at dierent z location
numerical data are 0:13C on air outlet temperature, 1:04% on relative humidity and 0:29C on
water outlet temperature. The average errors between the present results and experimental data
are  0:36C on air outlet temperature, 0:66% on relative humidity and  2:2C on water outlet
temperature. The air outlet temperature presents a slight reduction because of the eect of cold
water at bottom and its evaporation. The inlet relative humidity has a signicant inuence on
water outlet temperature and air outlet temperature since the inlet temperature varies slightly
within a range from 21:9C to 23:1C. The higher RH means less evaporation and less heat loss
to water, and the outlet air temperature is higher.
Figure 3 shows the temperature elds at z = 0:05m; z = 0:45m cross sections. At the bottom
of gure 3a, the temperature is lower due to the eect of water evaporation and cold water. Its
inuence is more obvious at z = 0:45m cross section. The air temperature eld next to two
sides of the water pan shows slightly lower temperature than central part due to the inuence
of cold water and walls.
Figure 4 illustrates the boundary layer development of temperature and concentration.
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(a) Temperature (b) Concentration
Figure 4: Contours of temperature and vapor density of air for case 9
The general development shows a good agreement with the boundary layer theory. The
temperature and concentration contour are concentrated near the bottom. Both temperature
and concentration have great variations within the thin layer, because the water evaporates and
heat is transferred to water. The air temperature decreases and water vapor density increases
as thermal boundary layer and concentration bounary layer are developed along z direction.
4. Simulation of complex geometry
As an illustrative case, an inner refrigerator chamber has been simulated with mixing
between two air streams of dierent temperatures and concentration levels. The complex
geometry is actually an inner heat change chamber of the model refrigerator shown
in gure 5. The main dimensions are width=0.06m=L, lenth=7L, hight=7L. The
inlet parameters are T2 = 253:5K;T1 = 1:1T2; Re1 = 3135; Re2 = 1065; RH1 =
18:4%; RH2 = 5RH1;m2 = 2m1. The walls except inlet and outlet are solid walls
with zero velocity, Neumann boundary condition for temperature and concentration are
imposed on them. The simulation was implemented on one million control volumes.
Figure 5: Geometry of inner chamber Figure 6: Cross sections
Figure 7 shows the instantaneous temperature and concentration distributions of central
section at the steady state. It can be observed that the two inlet uids mix around the central
part of the bottom chamber, then the mixed uids ow towards the top of the chamber. As
they ow upwards, the mixing area is more concentrated as seen in gure 7.
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(a) Temperature eld (b) Concentration eld
Figure 7: Instantaneous temperature and concentration elds at central cross section
(a) Temperature eld
at bottom section
(b) Concentration eld
at bottom section
(c) Temperature eld
at top section
(d) Concentration eld
at top section
Figure 8: Instantaneous temperature and humidity elds at top and bottom cross sections
In order to illustrate the mixing process inside the refrigerator chamber, two cross sections
perpendicular to y direction are taken(shown in gure 8). Their instantaneous temperature and
humidity elds are shown in gure 8. It can be seen from gure 8a and 8b that, the uids from
inlet 1 and inlet 2 ow into the chamber and the mixing happens at most parts of the bottom
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section, instead of all the section area. The uid from inlet 1 is relatively concentrated on the
left wall due to the higher velocity. As the mixed uids ow upwards, they are mixed further
and there is no signicant concentration along x direction at top section, which is shown in
gure 8c and 8d. However the temperature and moisture are only concentrated on a small part
of the section along z direction.
5. Conclusion
In the paper, a general formulation to simulate the heat and moisture transfer process including
buoyancy eects was rst introduced. In order to verify the presented methodology, a case with
experimental data and numerical data was simulated and the results obtained were compared
with the reference and experimental data. It was found that the numerical data presented a ne
agreement with the reference data through the comparison of outlet parameters, temperature
and concentration elds.
After the code validation, the numerical model was then applied to a refrigerator chamber
with complex geometry. In order to get insight into the heat and mass transfer process of two
inlet uids in the refrigerator chamber, the temperature and humidity distribution at dierent
view and cross sections are given. It was found that the mixing mainly happened around the
central part and were more concentrated on the left wall at the bottom part. The results
illustrate clearly the mixing process and provide a fundamental theory to study further the heat
and moisture transfer under complex geometry.
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